Introduction
Injury to the central nervous system (CNS) of mammals generally results in rapid and permanent neuronal death. The primary wave of cell death after injury or disease is often followed by a second wave of neuronal death caused by the production of glutamate, aspartate, reactive oxygen species, inflammatory cytokines and other molecules released from the dying neurons (Ferrer & Planas, 2003) . As the primary wave is too rapid to mitigate effectively, this second wave of cell death opens a therapeutic window of time to abate or reduce the extent of cell death, as it is slowly progressive over the course of weeks to months (Rami, Bechmann, & Stehle, 2008) . Disorders such as Parkinson disease and amyotrophic lateral sclerosis also result from slow continuous degeneration of specific groups of neurons in the CNS. Currently, no clinically available treatments that are universally accepted exist to rescue these cells from degeneration.
Neurotrophic factors activate neuroprotective cellsurvival and/or antiapoptotic pathways in the CNS, both in vitro and in vivo. Some in vivo strategies for delivering neurotrophic factors to the CNS include direct injection into the brain (Knusel et al., 1992) , viral vector upregulation, (Mandel et al., 1999; Blits et al., 2003) , or infusion pump-mediated delivery methods (Williams et al., 1986) . Unfortunately, these methods presently lack practical clinical relevance for patient treatment. Part of the problem is that these large neurotrophic protein molecules to the CNS do not efficiently cross the bloodbarrier (Poduslo & Curran, 1996; . Clinical trials have demonstrated that systemic delivery at doses that are sufficiently high to result in therapeutic levels within the CNS parenchyma also result in significant systemic side-effects (Thoenen & Sendtner, 2002) . These studies suggest the need for alternative methods of drug delivery to realize the clinical promise of these neuroprotective factors.
To bypass the blood-brain barrier and achieve potentially therapeutic levels of drugs in the CNS parenchyma, compared to systemic treatment efficient delivery can occur after an intranasal administration of nerve growth factor (NGF) and insulin-like growth factor-1 (IGF-1), proteins with well-characterized neuroprotective properties (Frey et al., 1997; Chen et al., 1998; Capsoni, Giannotta, & Cattaneo, 2002; Thorne et al., 2004; De Rosa et al., 2005) with elevated levels of some compounds as early as 5 min after nasal application (Zhang et al., 2006) . These significantly elevated drug concentrations in the CNS occurred with reduced systemic exposure compared to intravenous and systemic administration techniques (Thorne et al., 2004; Dhanda et al., 2005) . Although, the quantities that reach the brain via this mechanism may seem small, they appear to be in sufficient quantities to exert effects (Reger et al., 2006; . Most of the early studies were performed in rats. Based in part on differences in nasal cavity size and structure between rats and man (Illum, 2004) , several papers questioned the ability of drugs to access the brain by the intranasal route in primates (Merkus et al., 2003; Merkus & van den Berg, 2007) . However, recent studies demonstrate intranasal delivery to the CNS occurs in nonhuman primates (Thorne et al, 2008; Yamada et al., 2008) and humans Benedict et al., 2008) , supporting the potential clinical relevance of this approach. However, demonstration of drug transport does not necessarily indicate function, and efficacy in some cases must still be demonstrated . Studies in humans have provided evidence for delivery of melanocortin (962.1 Da), vasopressin (1084.2 Da) (Born et al., 2002) , angiotensin II (1046.18 Da) (Derad et al., 1998) , and insulin (5808 Da) (Kern et al., 1999; Born et al., 2002) from the nasal mucosa to the cerebrospinal fluid (CSF). Intranasal insulin improves memory, attention, and functional status in patients in the early stages of Alzheimer's disease without alteration in the blood levels of insulin or glucose (Reger et al., 2006; . Intranasal insulin also improves memory in normal human adults . Moreover, in a murine model of type I diabetic encephalopathy, long-term delivery of intranasal insulin reduces neurodegeneration and yields minimal systemic effects (Francis et al., 2008; 2009) . In animal models, intranasal delivery of large protein neurotrophic factors in various forms of CNS disease and injury results in functional rescue. Intranasal application of either NGF or IGF-1 is neuroprotective after experimental induction of cerebral ischemia (Liu et al., 2004) , and NGF also reduces degeneration (Capsoni, Giannotta, & Cattaneo, 2002) and rescues memory deficits in a mouse model of Alzheimer's disease (De Rosa et al., 2005) . Thus, a great deal of evidence exists for the clinical potential of intranasal drug delivery, including neurotrophic factors.
Many neurotrophic factors have been implicated in diseases of the CNS and play a neuroprotective role after traumatic or ischemic brain injury. Four that have a good deal of supporting evidence for their neuroprotective properties in the widest number of CNS tissues are brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), neurotrophin-4/5 (NT-4), and erythropoietin (EPO). The striatum of Huntington's disease patients shows a major loss of BDNF protein which likely plays a role in the etiology of the disease (Zuccato & Cattaneo, 2007) , and exogenously administered BDNF decreases the onset and severity of motor dysfunction in a rat model of Huntington's disease (Canals et al., 2004) . Lower than normal BDNF levels have been linked to neuronal loss in epilepsy (Azoulay, Urshansky, & Karni, 2008) , and declines in BDNF, BDNF mRNA and/or proBDNF play a role in the pathologic changes in both aging and Alzheimer's diseased brains . CNTF treatment of mouse models of both Alzheimer's and Huntington's disease results in rescue of learning and memory impairments (Emerich et al., 1997; Qu et al., 2008) . After traumatic brain injury, treatment of the hippocampus with NT-4 reduces neuronal loss in pyramidal cells (Royo et al., 2006) . The effect of EPO includes decreasing neuron loss associated with epilepsy (Chu et al., 2008) , decreasing neuronal toxicity to cisplatin (Nowis et al., 2007) , and decreasing neuronal loss after experimental traumatic brain injury (Grasso et al., 2007) . A small amount of systemically administered EPO can cross the blood-brain barrier. However, administration of these other neurotrophic factors was performed by brain cannulation (NT-4, Royo et al., 2006; BDNF, Arancibia et al., 2008) , direct implantation of cells expressing the factor of interest (CNTF, Emerich et al., 1997) , or viral vector delivery of the genes (multiple factors in multiple laboratories). Although not currently clinically viable, these studies clearly demonstrate that diverse neurotrophic factors can protect CNS neurons from degeneration due to injury or disease.
The neuroprotective properties of neurotrophins stem from the binding of these proteins to their receptors and subsequent activation of intracellular signaling pathways that lead to activation of prosurvival pathways and/or inactivation of proapoptotic signaling. (Park et al., 2004) . BDNF binds to the trkB receptor and activates the PI3K/Akt pathway, resulting in increases in cell survival and antiapoptosis programs. Upregulation of the appropriate signaling pathway demonstrates functionality of the neurotrophic factor within the tissue where it has distributed. The goal in performing these studies was to determine if intranasal application of BDNF, CNTF, NT-4, or EPO would result in potentially therapeutic levels of the neurotrophic factors in widespread areas of the brain and upper spinal cord in adult rats and activate prosurvival pathways in brain tissues.
Materials and methods

Animals
Adult male Sprague-Dawley rats (180-250 g, Charles River Lab.) were housed at room temperature under a 12 h light/dark cycle. Food and water were provided ad libitum. Animals were cared for in accordance with the Regions Hospital, Health Partners Research Foundation Animal Care and Use Committee. A second strain of animals was used for the long-term functional analyses. Adult male Long Evans rats (225-500 g, Charles River Lab) were housed and cared for in similar conditions as described above. All procedures were approved by the Animal Care Committee of Regions Hospital and conformed to the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Briefly, rats were treated intranasally with one of four radiolabeled neurotrophic factors. After either 25 or 60 min, the rats were euthanized and selected brain tissues were microdissected and analyzed to allow determination of the concentration of factor delivered based on radiolabel detection. In a second set of rats, the ability of these factors to activate prosurvival pathways was assessed for CNTF and BDNF. Two pathways associated with neuronal survival were assessed semi-quantitatively using western blot analysis, described below. 
Intranasal administration
Intranasal administration of neuroprotective compounds was performed as previously described (Thorne et al., 1995; 2004) . Briefly, rats were anesthetized with 40 mg/kg sodium pentobarbital i.p. (Nembutal, Ovation Pharmaceuticals, Deerfield, IL). The anesthetized rats were placed in a supine position, and the ventral surface of the head and neck were maintained horizontal using a small roll of gauze under the dorsal neck.
Approximately, 70 µg of [ 125 I]-recombinant human neurotrophic factor (in 70 µL of sterile phosphate buffered saline) was administered by pipette in 7 µL drops, alternating between each naris every 2 min, over a total of 18 min. The contralateral naris was gently occluded during administration of each drop to facilitate snorting of the drops high into the nasal cavity. Animals survived for a total of 25 min (BDNF, CNTF, EPO, and NT-4, n = 7 for each factor for a total of 28, plus 3 unlabeled controls) or 1 h (BDNF, EPO, and NT-4, n = 3 for each factor for a total of 9). One hour postadministration time points were not performed with CNTF as there were solubility issues with one batch of this radioiodinated compound. The aorta was cannulated, and animals were perfused with 60 mL of saline followed by 360 mL of 4% paraformaldehyde using an infusion pump (15 mL/min: Harvard Apparatus, Inc., Holliston, MA, USA).
Collection and measurement of [125I]-labeled neurotrophic factor in tissue
Animals were anesthetized with pentobarbital sodium (Nembutal, 50 mg/kg i.p.; Abbot Laboratories, North Chicago, IL, USA) and remained in an anesthetized state until time of sacrifice. An abdominal aorta cannulation was performed to collect blood samples at 5 min intervals through the duration of the experiment. Animals were kept on a thermostatically controlled heating pad to maintain a 37°C body temperature (Fine Science tools, Inc., Foster City, CA, USA). A detailed necropsy was performed, removing cranial blood vessels and dura. Serial brain sections were made using a coronal precision rat brain matrix (Braintree Scientific). Discrete brain areas and spinal cord regions were microdissected. Trigeminal nerves and specific brain and spinal cord regions were carefully dissected and removed. Each sample was placed in a preweighed 5 mL tube using a microbalance (Sartorius MC210S, Goettingen, Germany). The 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55   56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110 4 Sandra R. Alcalá-Barraza et al.
GDRT 431987 wet weight of the samples was determined prior to gamma counting. The radioactivity levels in the tissues were measured using a gamma counter (Packard Cobra II Auto-Gamma counter). Tissue concentrations were calculated using the tissue weight, specific activity of the drug, and gamma counts minus the background radioactivity. Two data points from contaminated samples, with values 100-fold greater than other values of same tissue, were removed from the data analysis. Statistical outliers, those values greater than two standard deviations from the mean, were removed from the data analysis prior to the calculation of the mean and standard error. Very few data points fell in this range.
Functional analyses
For the functional analyses, 84 adult male Long Evans rats (225-500 g, Charles River Lab.) were used. These rats were anesthetized with 1.2 mg/kg tribromoethanol (Sigma-Aldrich, St. Louis, MO), and were placed in a supine position. They received an intranasally delivered 70 µg dose of rhCNTF or BDNF (Peprotech) and were allowed to recover following the 18 min delivery time. , 2007) . The following day, the membranes were washed, and incubated with a goat anti-rabbit IgG peroxidase-linked secondary antibody (1:1000, Cell Signaling). After washing, the membranes were reacted with the Lumi-light substrate (Roche, Basel, Switzerland). Densitometric analysis was performed using a G-box System (Syngene, Frederick, MD). Semiquantization of molecular changes in pStat3 and pAkt were performed based on saline-treated controls. Data were analyzed using analysis of variance (ANOVA) KruskalWallis test and Dunnett posttest for significance using the Prism and Statmate software (Graphpad, San Diego, CA). An F-test was used to verify that the significance of the variances were not significantly different. Data were considered significantly different if P ≤ 0.05.
Results
Following intranasal administration, high levels of the radiolabeled neurotrophic factors appeared in the olfactory bulb and trigeminal nerve of the treated rats. Additional distribution throughout the brain and cervical spinal cord was evident, with concentration varying widely. Levels of drug delivery for each will be discussed separately. In all cases, the presence of the neurotrophin was observed in the liver (Figures 1-4 ) and blood (not shown). However, levels are very low compared to those seen after the high levels needed to achieve similar CNS delivery using the intravenous route (Chen et al., 1998; Thoenen & Sendtner, 2002; Thorne et al., 2004) . Figure 1A and 1B). Calculated as nanograms/ mL of tissue at 25 min posttreatment, BDNF had spread throughout the brain and upper spinal cord, varying from 1.6 ± 0.3 ng/mL in thalamus to 11.1 ± 3.0 ng/mL in the upper cervical spinal cord (Table 1) . In general, increases were seen after 60 min in the nervous tissues with a range of concentrations in these brain regions from 1.7 ± 0.6 ng/mL in hippocampus to 25.1 ± 1.36 ng/ mL in inferior colliculus. It is thought that entry of the intranasally applied drugs is via both the olfactory nerve and trigeminal nerve paths. Both the olfactory bulbs and trigeminal nerves consistently displayed high neurotrophin concentrations at 25 min compared to any other CNS region, but these concentrations decreased significantly by 60 min (Tables 1 and 2 ). The concentration of BDNF decreased by 75.7% in the olfactory bulb from 25 to 60 min after intranasal administration.
CNTF
Intranasal CNTF was able to access the brain and spinal cord at higher concentrations (Figure 2 ) than seen with BDNF administration ( Figure 1A ). Every CNS structure analyzed had 3-to almost 7-fold greater nM concentration of CNTF at 25 min compared to BDNF at 25 min. For CNTF, concentrations varied from 0.36 ± 0.06 nM in hippocampus to 1.3 ± 0.2 nM in spinal cord. When calculated in nanogram/mL, the concentration of CNTF varied throughout the CNS tissues, ranging from 6.8 ± 1.4 in hippocampus to 28.2 ± 5.0 in the upper cervical spinal cord (Table 1) . Olfactory bulb and trigeminal nerves exhibited high concentrations of CNTF after intranasal application: 75.3 ± 13.9 ng/mL CNTF in the olfactory bulb and 129.4 ± 18.6 ng/mL CNTF in the trigeminal nerve at 25 min.
EPO
At 25 min after intranasal EPO administration, concentrations in CNS varied from 0.4 ± 0.8 nM in inferior colliculus to 0.99 ± 0.6 nM in parietal cortex ( Figure 3A) . The levels of EPO in the majority of CNS tissues were relatively unchanged by 60 min after drug delivery. Concentrations of EPO in nanograms/mL levels varied at 25 min from 6.5 ± 1.5 in parietal cortex to 19.5 ± 3.8 in upper cervical spinal cord and at 60 min ranged from 9.7 ± 2.6 in occipital cortex to 19.7 ± 8.7 in hypothalamus ( Tables 1 and 2 ). Hippocampus was not sampled in EPO animals. The olfactory bulbs and trigeminal nerve had extremely elevated levels of EPO compared to other nervous system structures. Olfactory bulbs contained 160.3 ± 53.1 ng/mL at 25 min, and this level was reduced 76.5% at 60 min. The trigeminal nerve contained 152.4 ± 21.6 ng/mL at 25 min and was reduced 32% by 60 min after EPO delivery.
NT-4
NT-4 also displayed excellent entry into the CNS after intranasal delivery at concentrations similar to that seen for BDNF (Figures 1and 4) . Interestingly, every CNS tissue examined 25 min after intranasal delivery, except the olfactory bulbs, contained higher levels of NT-4 than at 60 min. The concentration varied from 0.28 ± 0.09 nM in thalamus to 1.8 ± 0.5 nM in hypothalamus at the 25 min postadministration interval and a range in CNS structures from 0.12 ± 0.02 nM in hippocampus to 0.43 ± 0.2 nM in parietal cortex at the 60 min posttreatment time point. At 25 min, the concentration of NT-4 in the CNS tissues spanned from 7.0 ± 2.6 ng/ mL in thalamus to 35.4 ± 13.1 ng/mL in hypothalamus (Table 1) . Table 1 . Concentration of drug 25 min after intranasal delivery in nanograms/mL. Nervous system region BDNF(N = 7) CNTF(N = 7) EPO(N = 7) NT-4(N = 7) Upper cervical spinal cord 11.1 ± 3.0 28.2 ± 5.0 19.5 ± 3.8 34.1 ± 13.0 Superior colliculus 2.2 ± 0.5 10.5 ± 1.3 11.9 ± 4.9 11.1 ± 4.6 Inferior colliculus 2.8 ± 0.6 7.3 ± 1.7 12.0 ± 3.0 12.2 ± 4.9 Thalamus 1.6 ± 0.3 7.2 ± 1.6 13.0 ± 5.8 7.0 ± 2.6 Hypothalamus 6.1 ± 1.2 20.2 ± 1.8 18.8 ± 5.2 35.4 ± 13.1 Hippocampus 1.7 ± 0.5 6.8 ± 1.4 -20.1 ± 7.0 Frontal cortex 2.5 ± 0.9 9.7 ± 2.0 13.9 ± 3.7 25.4 ± 12.3 Parietal cortex 2.6 ± 1.1 8.3 ± 2.1 6.5 ± 1.5 17.2 ± 4.5 Occipital cortex 3.6 ± 1.1 12.4 ± 2.1 9.8 ± 2. 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 Intranasal delivery to brain 7
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By 60 min after intranasal NT-4 application, the concentrations decreased in almost all of the CNS tissues examined, from a low of 4.7 ± 1.7 ng/mL in parietal cortex to 14.4 ± 0.7 ng/mL in hypothalamus (Table 2) . Olfactory bulb NT-4 concentration was 25.3 ± 4.5 ng/mL at 25 min, and increased to 65.1 ± 24.4 ng/mL at 60 min. The trigeminal nerve had the highest concentrations of NT-4, with 62.7 ± 8.4 ng/mL and 126.3 ± 30.7 ng/mL at 25 and 60 min, respectively.
Activation of pAkt following CNTF or BDNF intranasal delivery
Following intranasal treatment with either 70 μg CNTF or BDNF, activation of the prosurvival signaling protein Akt was examined using western blots and densitometric analysis ( Figure 5 ). Frontal cortex (BDNF) and occipital cortex (CNTF) were examined for upregulation of pAkt, which is seen upon its activation by these two growth factors. A single intranasal treatment with either BDNF or CNTF resulted in a significant upregulation of pAkt, the activated form of Akt, from 24 h up to 96 h after a single intranasal drug administration. Similar results were seen for pStat3 (data not shown).
Discussion
The present study demonstrates that intranasal delivery of BDNF, CNTF, EPO, and NT-4 in adult rats resulted in substantial concentrations of these neurotrophic factors widely throughout the brain and cervical spinal cord. Comparable delivery was seen for CNTF, EPO, and NT-4. Intranasal BDNF resulted in the lowest neurotrophin concentration, although concentrations were still 1-25 ng/mL in all CNS tissues examined. The olfactory epithelium expresses the trkB receptor for BDNF (Deckner et al., 1993) , and it may be that receptor binding slows movement of drug into the brain tissues. Other large proteins can also reach the CNS after intranasal delivery. Using similar techniques, significant amounts of intact NGF reach the brain after intranasal application (Frey et al., 1997; Chen et al., 1998) . Molecular weight does not seem to be the most important factor relative to the amount of intranasal transport into the brain parenchyma. Depending on the brain region examined, EPO, the largest of the factors at 30.4 kDa, had almost 5-fold more protein in ng/mL than that achieved following BDNF administration. Delivery of intact neurotrophic factor is substantiated by the demonstration that activated pAkt was significantly upregulated in the CNS, indicative that the protein bound to its receptor and resulted in downstream alterations in prosurvival pathways.
Studies have demonstrated CNS neurotrophic effects after intranasal administration of IGF-1, EPO, and NGF. IGF-1 activates prosurvival signaling pathways (Thorne et al., 2004) , and intranasal IGF-1 administration after experimentally induced middle cerebral artery occlusion (MCAO) in rats results in a significant reduction in infarct volume and improved motor-sensory and GDRT 431987 somatosensory function (Liu et al., 2004) . Intranasal EPO also reduces infarct volume and cell damage after a similar experimental focal ischemia (Yu et al., 2005) . Intranasal administration of NGF reaches the brain, where it prevents neurodegeneration and loss of cholinergic markers as well as rescues recognition memory deficits in the anti-NGF transgenic mouse model of Alzheimer's disease (Capsoni, Giannotta, & Cattaneo, 2002; De Rosa et al., 2005) . Our study suggests that BDNF, CNTF, and NT-4, whose levels in brain and spinal cord after intranasal delivery are the same or greater than seen with IGF-1 and NGF (Chen et al., 1998; Thorne et al., 2004) have the potential to show neuroprotective effects when used in models of CNS injury and disease. The blood-brain barrier is a well-known barrier to entry of drugs into the brain parenchyma (Poduslo & Curran, 1996) , and intranasal delivery circumvents this barrier. By targeting drugs directly to the CNS, their potential systemic toxicity is decreased and their potential tissue-specific concentrations are increased (Misra et al., 2003) . The two principle routes of drug delivery directly from the nasal mucosa to the CNS are along the olfactory and trigeminal neural pathways (Illum, 2004; Thorne et al., 2004; Dhanda et al., 2005) . Although, transport of some molecules may occur via the relatively slow intracellular axonal transport mechanism from the olfactory epithelium to the olfactory bulb (Thorne et al., 1995) , most interest has focused on the nonsaturable extracellular or paracellular transport that carries a wide variety of molecules from the nasal mucosa to the CSF, brain, and spinal cord. With this mode of delivery, uptake into the CNS can occur within minutes (Born et al., 2002; Thorne et al., 2004; Zhang et al., 2006) . Despite the obvious anatomical differences between rodents and man, both nonhuman primate and human studies support the potential of this method for drug delivery for a variety of neuropeptides and protein therapeutics (Pietrowsky et al., 1996; Kern et al., 1999; Reger et al., 2006; , Benedict et al., 2007 , Thorne et al., 2008 . Neuropeptide transport to the CNS after intranasal delivery was seen in human volunteers by direct sampling of CSF (Born et al., 2002) . The direct intranasal pathway from the nasal mucosa to the CNS holds promise for clinical applications.
The intranasal dose of a neurotrophic factor needed to rescue neurons from injury-induced death is very difficult to determine. One can estimate a potential dose range that might prevent neuronal death in a given species can be based on a variety of concentrations of other molecules having a similar receptor Kd in that species or the Kd of the neurotrophin for its receptor and the known pharmacokinetic profile for the neurotrophin in that species. For example, 0.48 nmol (12.72 µg) NGF (administered once every 2 days as 48 µL of 10 µM NGF solution) was demonstrated to reduce brain neurodegeneration in the transgenic mouse model of Alzheimer's disease (Capsoni, Giannotta, & Cattaneo, 2002) , while 9.86 nmol (75 µg) IGF-1 administered 10 min, 24 h, and 48 h after MCAO reduced infarct size in a rat MCAO stroke model (Liu et al., 2001) . As little as 157 nmol (910 µg or 20 IU) of intranasal insulin improved memory, attention, and functioning in patients in early stages of Alzheimer's disease when administered twice a day for 21 days (Reger et al., 2008) . Because delivery is believed to occur from the nasal mucosa to the CNS and does not require absorption into the general circulation with subsequent delivery across the blood-brain barrier, it should not be assumed that the effective dose range is a direct function of body weight.
The cellular machinery for action of these neurotrophic factors is present, as many neurons express receptors for these neuroprotective compounds, and the amount of factor reaching the CNS should be sufficient to rescue neurons based on the literature. BDNF receptors are expressed on many neurons, including cerebellum, spinal cord, hippocampus and cerebral cortex (Kokaia et al., 1993) , and in animal models BDNF is neuroprotective for a large number of neuronal types (e.g., Hyman et al., 1991; Yan, Elliott, & Snider, 1992; Widmer, Knusel, & Hefti, 1993) . In vitro, concentrations of BDNF between 10 and 50 ng/mL enhances neuronal survival (Lindholm et al., 1993; Lefebvre et al., 1994) ; direct injections of 0.6-4.5μg BDNF into the brain also has a beneficial effect on neuronal survival (Widmer, Knusel, & Hefti, 1993; Tsukahara et al., 1994) . Intranasal delivery of 70 μg BDNF results in concentrations within the frontal cortex, hippocampus, and cervical spinal cord at 60 min of 10.7 ng/mL, 12.1 ng/mL, and 18.1 ng/mL, respectively (Table 2 ). These concentrations are within the range consistent with those used in vitro to promote neuronal survival. The CNTF receptor also is expressed on many CNS neurons (Lee, Hofmann, & Kirsch, 1997) , and it supports neuronal survival and function from a number of diseases and types of injury (Clatterbuck, Price, & Koliatsos, 1993; Anderson et al., 1996) . Based on in vitro studies, concentrations of CNTF needed to promote neuronal survival are in the 30-40 ng/mL range (Skaper et al., 1992; Magal et al., 1993) . Although, the average nanogram level of intranasal CNTF delivered to the brain and cervical spinal cord was 13.31 ng/mL of tissue, the elevation of prosurvival pathways ( Figure  5 ) demonstrates that CNTF at these levels binds to its receptor and is functional. CNTF is particularly attractive as its effects on the CNS can be particularly long-lasting (Fischer et al., 2004) . The present studies are assessing its neuroprotective effects in injury models.
Increased concentrations of CNTF compared to BDNF in the CNS tissues were seen. Several factors may play a role in this difference. As the BDNF receptor, trkB, is highly expressed in the olfactory epithelium , 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 Intranasal delivery to brain 9
GDRT 431987 less BDNF may be available for transport (Deckner et al., 1993) . In addition, the method used for radioiodination of CNTF differed from that used for other factors. Lactoperoxidase-catalyzed iodination of proteins results in milder labeling than the harsh oxidizing agent employed in the chloramine-T iodination method used for CNTF. This can result in lower specific activity of the labeled protein (Samuelson, 2001; Wajchenberg et al., 1978) . However, the chloramine-T method also results in greater iodination, which may have contributed to the larger distribution values detected in CNTF-treated tissue. EPO is a hormone involved in regulation of erythropoiesis, but recent laboratory studies have demonstrated that it has potent neuroprotective functions. The EPO receptor is expressed on many neurons throughout the CNS, but it is particularly enriched in cortex and hippocampus (Brines et al., 2000) . Ischemia results in EPO receptor upregulation in the brain, suggesting that exogenously added EPO might have therapeutic potential for this type of brain injury (Siren et al., 2001) . EPO can reduce neuronal death after experimentally induced ischemic injuries (Sakanaka et al., 1998) , and also exerts an anti-inflammatory effect in the CNS (Agnello et al., 2002; Diem et al., 2005) . Low levels of EPO, in contrast with CNTF and BDNF, are able to cross the blood-brain barrier (Brines et al., 2000) . Systemic doses in animal experiments range up to 5000 units/kg, which translates into an approximate blood level of 40 ng/mL and CSF EPO levels of 1000 mUnits/mL (which is ∼8.4 ng/mL) (Brines et al., 2000) . However, these systemic doses are quite large and result in significant increases in blood volume (Agnello et al., 2002) . In vitro studies show increased neuronal survival at EPO concentrations of 10-84 ng/mL (Digicaylioglu et al., 2004; Danielyan et al., 2005) . Intranasal administration of EPO in rats protected neurons against focal cerebral ischemia, but brain levels in this study were not determined (Yu et al., 2005) . We demonstrate that between 6.5 and 160.3 ng/ mL EPO reaches the CNS of adult rats after intranasal delivery. Thus, intranasal EPO appears promising as a neuroprotective agent. EPO is already approved for use in humans by the Food and Drug Administration for treatment of various forms of anemia, and the transition to a human trial may be easier to accomplish as toxicity and other needed data are already known for this factor.
NT-4 has been shown to increase neuronal survival after injury (Ip et al., 1993) ; it also protects the brain from neuronal death due to stroke (Endres et al., 2003) . In vitro studies show increased neuronal survival at drug levels of 10-50 ng/mL (Ip et al., 1993; Rabacchi et al., 1999) , and we show that similar levels are seen in the CNS after intranasal delivery. NT-4, like BDNF, binds primarily to the trkB receptor, although NT-4 binds with lower affinity (Sadick et al., 1997) . This may explain why NT-4 transport was higher than BDNF.
Not only do nanogram levels of the four neurotrophic factors reach the CNS, but they cause a functional response in prosurvival pathways. Numerous in vitro studies show that BDNF protects neurons after injury by activating intracellular signaling cascades. Binding of BDNF to its receptor activates the phosphatidylinositol 3-kinase/Akt (PI3-K/Akt) pathway; neuroprotective effects of BDNF are eliminated in the presence of inhibitors of this pathway . CNTF also increases neuronal survival after injury or in disease by specific activation of pAkt, causing downstream effects on prosurvival and antiapoptotic signaling molecules such as Bcl-xl (Ikeda et al., 2004; Azadi et al., 2007) . Elevation by BDNF and CNTF of the pAkt prosurvival pathway in both frontal and occipital cortex demonstrates that sufficient drug concentrations for a functional effect were obtained.
The potential therapeutic use of these factors to treat CNS and spinal cord injury and/or disease is supported by many studies. Unfortunately, the adult CNS generally expresses only low levels of these neuroprotective factors. While they upregulate them after injury alone, the injured tissue cannot maintain sufficient levels to prevent neuronal death (Ikeda et al., 2004; Azadi et al., 2007) . Viral vector gene transfer or direct injection of these factors increase neuronal survival after various forms of injury (Weise et al., 2000) . However, the clinical use of brain infusion, direct brain injection, or viral vector upregulation of these neurotrophic factors is not attractive as a treatment alternative for patients.
Despite differences in anatomy between small rodents and man, there is increasing evidence that intranasal drug delivery, of even large proteins, results in significant delivery to the CNS and with appropriate dosing, may result in therapeutic effects (Reger et al., 2006; . We demonstrated high concentrations of delivered neurotrophic factors in the hippocampus, cerebral cortex, and cervical spinal cord. Most forms of traumatic brain and spinal cord injury have limited therapies to enhance functional recovery. One of the main problems with traumatic and ischemic brain injury is the secondary wave of neuronal death caused by the death of the neurons directly injured, compounding the functional loss from the initial injury (Ferrer & Planas, 2003) . This opens up a window of opportunity where efficient delivery of neuroprotective agents could potentially prevent this large and prolonged secondary wave of neuronal death and the associated loss of function.
The advantages of intranasal drug delivery, administered as nose drops or nasal spray, are (1) administration is easy and does not require significant medical training,(2) administration of drug is noninvasive, (3) delivery to the CNS is relatively rapid, (4) dosages are 12 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 
